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ANNUAL REPORT ON FIMD TRAESFER NO.  R-05-030-001 FOR THE PERIOD 1 FEBRUARY 1967 
THROUGH 3 1 JANUARY 1 9  6 8 

I. SUlWRY OF WOPX 

The major e f f o r t  dur ing  t h e  p a s t  y e a r  was concent ra ted  on t h e  follow- 
i n g  problems : 

(1) The r e l a t i o n  between s t r u c t u r e  of e p i t a x i a l  f i l m s  and s u r f a c e  
and i n t e r f a c i a l  ene rg ie s .  

(2) Q u a n t i t a t i v e  s t u d i e s  of t h e  elastic and i n e l a s t i c  i n t e r a c t i o n s  
of slow e l e c t r o n s  wi th  tungs ten  s i n g l e  c r y s t a l  s u r f a c e s .  

(3)  The de termina t ion  of n a t u r e  and s t r u c t u r e  of s u r f a c e  l a y e r s  wi th  
low energy e l e c t r o n  d i f f r a c t i o n .  

( 4 )  The r e l a t i o n  between s t r u c t u r e  and e l e c t r o n  emission p r o p e r t i e s  
of work func t ion  reducing l a y e r s  on tungs ten  (110) planes .  

(5) Momentum exchange of atoms on well def ined  s i n g l e  c r y s t a l  s u r f a c e s .  

( 6 )  Theory of lot7 energy e l e c t r o n  s c a t t e r i n g .  

The work on problem ( 4 )  was mainly concerned wi th  equipment c o n s t r u c t i o n  , 
t h a t  on problems (l), (2) , and (3) only i n  p a r t .  Therefore  most of  t h e  
r e s u l t s  were obta ined  i n  problem areas (l), (2), and ( 3 ) .  

IT, The r e l a t i o n  between s t r u c t u r e  of e p i t a x i a l  f i l m s  and s u r f a c e  and 
i n t e r f a c i a l  ene rg ie s  ( A .  K. Green). 

The s tudy  of t h e  evo lu t ion  of water from a l k a l i  h a l i d e s  has  been com- 

Resu l t s  of t h e s e  experiments are impor tan t  f o r  a l l  ep i t axy  work 
p l e t e d  (Second Quar te r ly  S t a t u s  Report (1 May-31 J u l y  1967);  J. Appl. Phys. ,  
May 1968).  
us ing  a l k a l i  h a l i d e  s u b s t r a t e s .  

A good p a r t  of t h e  e f f o r t  i n  ep i t axy  was s p e n t  on t h e  des ign  and con- 
s t r u c t i o n  of equipment. The e s s e n t i a l  p a r t s  f o r  t h e  planned experiments ,  
evapora t ion  t ank ,  m u l t i p l e  specimen ho lde r ,  vacuum c leav ing  device ,  and Knudsen 
cel l  evapora tor  are o p e r a t i o n a l .  P re sen t  experiments  u s ing  t h i s  system are 
aimed a t  determining t h e  i n f l u e n c e  of i o n  i m p u r i t i e s  from t h e  vapor  source  on 
t h e  growth of gold on N a C 1 .  P re l iminary  r e s u l t s  are t h a t  s c reens  maintained 
a t  low p o t e n t i a l s  (J: 90 V) i n  t h e  vapor  pa th  do n o t  i n f luence  f i l m  growth. 

The UHV g raz ing  inc idence  e l e c t r o n  d i f f r a c t i o n  u n i t  w a s  used dur ing  t h e  
p a s t  y e a r  i n  a cont inuing  s tudy  of t h e  growth of f .c.c. metals on a l k a l i  h a l i d e s .  
The i n f l u e n c e  of Na on f i l m  growth was s t u d i e d  by depos i t i ng  N a  dur ing  and a f t e r  
Au depos i t i on .  
{ lOObor i en ted  Maku2 s i n g l e  c r y s t a l  f i l m .  

Resu l t s  show t h a t  N a  depos i ted  dur ing  Au d e p o s i t i o n  produces a 
Deposi t ion of N a  onto t h e  (5x1) 
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s t r u c t u r e  on a (1001-oriented Au f i l m  produces a one-third p e r i o d i c i t y  of 
t h e  Au p a t t e r n  i n  t h e  (110) d i r e c t i o n .  

Experiments t o  determine t h e  in f luence  of i m p u r i t i e s  from t h e  bulk  
on t h e  e p i t a x y  of f . c . c .  metals have been s t a r t e d .  The use  of doped a l k a l i  
h a l i d e s  f o r  s u b s t r a t e s  w i l l  p rovide  d a t a  on the i n f l u e n c e  of s p e c i f i c  impu- 
rities on ep i t axy .  Resu l t s  ob ta ined  us ing  N a C l  doped wi th  0.2% C a C 1 2  are: 
n u c l e i  on a n  a i r  cleaved s u r f a c e  show a s t r o n g  tendency t o  c l u s t e r  and t h e  
decora t ion  is cons iderably  d i f f e r e n t  than  on an undoped c r y s t a l .  The i n i t i a l  
o r i e n t a t i o n . i s  b e t t e r  on t h e  vacuum-cleaved s u r f a c e ,  as on undoped c r y s t a l s ,  
b u t  is predominantly (111) i n  c o n t r a s t  t o  undoped c r y s t a l s  where i t  i s  (100). 
The o r i e n t a t i o n  of moderately t h i c k  f i lms  is  predominantly (111) on both  air- 
and vacuum-cleaved s u r f a c e s .  

111. Q u a n t i t a t i v e  s t u d i e s  of t h e  e las t ic  and i n e l a s t i c  i n t e r a c t i o n s  of 
slow e l e c t r o n s  wi th  tungs ten  s i n g l e  c r y s t a l  s u r f a c e s  ( 3 .  0. Por teus) .  

Modi f ica t ion  of t h e  vacuum system and t e s t i n g  of beam-tracking and 
voltage-scanning equipment w a s  completed, t hus  pe rmi t t i ng  ex tens ive  measure- 
ments of e las t ic  o r  i n e l a s t i c  e l e c t r o n  beam i n t e n s i t i e s  be fo re  s e r i o u s  sample 
contaminat ion occurs .  I n t e n s i t y  vs. v o l t a g e  (" I (V)" )  curves  were run on t h e  
zero  and f i r s t  o r d e r  e l a s t i c  beams from a c l ean  W(110) s u r f a c e  i n  t h e  p r i -  
mary vo l t age  range 25-500 eV and a t  ang le s  of inc idence  ranging from S t o  20 
degrees .  
t h e  sample are t e n t a t i v e l y  , a t t r i b u t e d  t o  nonuniform s u r f a c e  i r r e g u l a r i t i e s .  
The nonuniformity i s  be l i eved  t o  r e s u l t  l a r g e l y  from d i f f e r e n t  g r a i n s  w i t h i n  
t h e  c r y s t a l ,  which have s l i g h t l y  d i f f e r e n t  o r i e n t a t i o n  and thus  respond d i f -  
f e r e n t l y  t o  t h e  sample p repa ra t ion  procedure.  
d i f f i c u l t y  a Plo(ll0) sample w a s  prepared from a c r y s t a l  showing no evidence 
of g r a i n  boundaries .  
acceptab ly  c l ean  s u r f a c e  i n  t h i s  case, based on t h e  observed and c u r r e n t l y  
accepted LEED p a t t e r n s ,  f u r t h e r  work on Mo(ll0) w i l l  be  de fe r r ed  u n t i l  more 
ex tens ive  sample-cleaning s t u d i e s  have been made wi th  a d d i t i o n a l  monitor ing 
methods, Meanwhile, a second W(110) sample is  under s tudy ,  t h i s  from a 
c r y s t a l  showing evidence of fewer g r a i n s  than t h e  f i r s t .  
c repancies  are s t i l l  p resen t  i n  t h e  I(V) d a t a ,  t h e s e  are less pronounced than  
wi th  t h e  o r i g i n a l  specimen. I n  a d d i t i o n  t o  rechecking the  elastic d i f f r a c -  
t i o n  w i t h  t h i s  W(110) sample,  measurements of t h e  energy s p e c t r a  of i n e l a s -  
t i c a l l y  s c a t t e r e d  e l e c t r o n s  as a f u n c t i o n  of emergence ang le  and primary 
vo l t age  are a l s o  be ing  made. A t  p re sen t  a t t e n t i o n  i s  p r i n c i p a l l y  focussed 
on e l e c t r o n s  which may be  involved i n  a two-step p rocess  of energy l o s s  t o  
plasmons, followed by d i f f r a c t i o n .  I n e l a s t i c  i . n t ens i ty  maxima poss ib ly  
a t t r i b u t a b l e  t o  t h i s  process  have been observed a t  well-defined primary v o l t -  
ages  and emergence ang le s .  Systematic  i n v e s t i g a t i o n  of t he  occurrence of 
t hese  i n e l a s t i c  beams i n  r e l a t i o n  t o  t h a t  of d i f f r a c t e d  e las t ic  beams of equi- 
v a l e n t  secondary energv are now i n  progress .  I n  a d d i t i o n ,  a computer program 
f o r  d i f f e r e n t i a t i n g  and improvi-ng t h e  r e s o l u t i o n  of measured e l e c t r o n  energy- 
l o s s  s p e c t r a  has  been s u b s t a n t i a l l y  completed. Hopeful ly ,  t h i s  w i l l  be  use- 
f u l  i n  i n v e s t i g a t i n g  observed s h i f t s  of energy-loss  peaks wi th  emergence 
angle .  

Discrepancies  observed i n  t h e  d a t a  taken  from d i f f e r e n t  p a r t s  of 

I n  an e f f o r t  t o  avoid t h i s  

However, because of l a c k  of success  i n  producing an  

Although some d i s -  
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I V .  The de te rmina t ion  of n a t u r e  and s t r u c t u r e  of s u r f a c e  l a y e r s  w i t h  l o v  
energy e l e c t r o n  d i f f r a c t i o n  (E. Rauer).  

The low energy e l e c t r o n  d i f f r a c t i o n  (LEED) s t u d i e s  dur ing  t h e  p a s t  y e a r  
can be  d iv ided  up as fo l lows:  
Au(100) and P t (100)  s u r f a c e s  and of t h e  i n t e r a c t i o n  l a y e r s  formed i n  t h e  pre- 
sence of a lkal is .  
f a c e  and of t h e  i n t e r a c t i o n  products  wi th  evaporated Fe and M i .  
of  t h e  a d s o r p t i o n  of CO and 0, on W. During t h e  second h a l f  of t h e  r e p o r t  
y e a r  Auger e l e c t r o n  spec t roscopy ~7as  added t o  t h e  LEED system which proved 
extremely u s e f u l  f o r  t h e  c h a r a c t e r i z a t i o n  of t h e  s u r f a c e .  The e x i s t i n g  
Varian quadrupole  was rep laced  by a n  Uftek quadrupole wi th  mass range up t o  
mass 500 which allowed monitor ing of materials such as Au and W(CO)6. 

(1) A s tudy  of t h e  s u r f a c e  s t r u c t u r e  of Ag{100), 

(2) A s tudy  of t h e  s u r f a c e  s t r u c t u r e  of t h e  S i ( l l 1 )  su r -  
(3)  A s tudy  

(1) The Au{?-OO) and P t (100)  s u r f a c e s  form t h e  by now well-known and 
h igh ly  c o n t r o v e r s i a l  "5x1" s t r u c t u r e .  As t h e  n a t u r e  of t h i s  s t r u c t u r e  p l a y s  
an important  r o l e  i n  an  e p i t a x y  model proposed by u s  (E. Bauer and A. K. Green, 
Second Quar t e r ly  Report ,  August 1.966), i t  was s t u d i e d  i n  d e t a i l .  
that  t h e  "5x1" s t r u c t u r e  could  be  enhanced by Wa o r  K d e p o s i t i o n  onto  Au and 
P t ,  bu t  t h a t  i t  could n o t  be  produced on t h e  Ag(100) s u r f a c e .  
t h e  "5x1" s t r u c t u r e ,  several o t h e r  s t r u c t u r e s  are produced wi th  vary ing  a l k a l i  
conten t .  
depos i ted  a l k a l i ,  by deso rp t ion  experiments ,  and by Auger spectroscopy)  are 
r e l a t e d  t o  t h e  "5x1" s t r u c t u r e .  I f  t h e  "5x1" s t r u c t u r e  is i n t e r p r e t e d  by 
double s c a t t e r i n g  between a hexagonal s u r f a c e  l a y e r  and t h e  s u b s t r a t e ,  t h e s e  
a d d i t i o n a l  s t r u c t u r e s  wi th  101.~ a l k a l i  conten t  are a l s o  hexagonal l a y e r s  w i th  
t h e  same l a t t i c e  cons t an t  b u t  i n  a d i f f e r e n t  azimuthal. o r i e n t a t i o n  wi th  r e s p e c t  
t o  t h e  s u b s t r a t e .  By proper  h e a t  t rea tment  they  can be  p a r t i a l l y  in te rcon-  
v e r t e d ;  h e a t i n g  i n  oxygen suppresses  t h i s  i n t e rconve r s ion  and s t a b i l i z e s  t h e  
"5x1" s t r u c t u r e .  
c i d e  with a P t  Auger peak, a weak I< Auger peak is  observed on a s u r f a c e  wi th  

t u r e s  which can b e  converted i n t o  t h e  115xl" s t r u c t u r e .  The t e n t a t i v e  i n t e r -  
p r e t a t i o n  is as fo l lows:  All t h e  s t r u c t u r e s  which can  be  in t e rconve r t ed  are 
due t o  very t h i n  NaAu2 (IWu,), HaPt, (KPt,) s u r f a c e  l a y e r s  wi th  t h e i r  (111) 
plane  p a r a l l e l  t o  t h e  Au, P t (100)  su r face .  
t h e s e  l a y e r s  depend upon t h e i r  a l k a l i  conten t .  
a l k a l i  con ten t .  Th i s  i n t e r p r e t a t i o n  is  i n  c o n t r a d i c t i o n  w i t h  t h e  p r e s e n t l y  
most widely accepted  i n t e r p r e t a t i o n  accord ing  t o  which t h e  "5x1" s t r u c t u r e  is 
a f e a t u r e  of t h e  c l e a n  s u r f a c e .  
dur ing  t h e  n e x t  r e p o r t  y e a r  b e f o r e  p u b l i c a t i o n  of our  d a t a .  

It was found 

I n  a d d i t i o n  t o  

Those wi th  lowest a l k a l i  conten t  (as determined by t h e  amount of 

I n  t h e  case of P t  where t h e  main K Auger peak does no t  coir?- 

5x1" s t r u c t u r e  and a s t r o n g e r  one on a s u r f a c e  which s h o w  one of t h e  s t r u c -  11 

The az imutha l  o r i e n t a t i o n s  of 
The "5x1" has  t h e  lowest  

Some a d d i t i o n a l  experiments w i l l  b e  done 

(2) The ' 'clean" annealed S i ( l l 1 )  s u r f a c e  has  been found i n  many Saho- 
r a t o r i e s  t o  have one o r  several of t h e  fol lowing s t r u c t u r e s :  Si{llP)-7, 
S i { l l l } - m ,  and S i{ l l l } -S .  
s t r u c t u r e s ,  i nvo lv ing  only S i  atoms. We have found by Auger a n a l y s i s  t h a t  
s u r f a c e s  wi th  t h e  mentioned s t r u c t u r e s  are not  c l e a n  b u t  con ta in  Fe,  N i ,  and 
several u n i d e n t i f i e d  i m p u r i t i e s  r e s p e c t i v e l y .  The LEED p a t t e r n s  are compat- 
i b l e  w i t h  very  t h i n  Fe5Si3 and Ni2Si s u r f a c e  l a y e r s  f o r  t h e  f i r s t  two s t r u c -  
t u r e s  (see e n c l .  1). The t h i r d  s t r u c t u r e  has  no t  been i d e n t i f i e d  t o  da t e .  

Several models hava been proposed f o r  t h e s e  
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Deposi t ion of Fe and N i  wi th  subsequent h e a t  treatment suppor t s  t h e  impur i ty  
i n t e r p r e t a t i o n  of t h e  "clean" s u r f a c e  s t r u c t u r e s .  
e s p e c i a l l y  r e a c t i o n  s t u d i e s  x i t h  NH3 and PH3 t o  confirm t h e  i n t e r p r e t a t i o n .  

More worlc w i l l  b e  done, 

(3) The "reactive" adso rp t ion  of CO on I\r r e s u l t i n g  i n  a very  t h i n  
W(C0) s u r f a c e  l a y e r ,  which was proposed p rev ious ly  (Annual Report ,  1966/67, 
paragraph IV3) t o  e x p l a i n  t h e  LEED p a t t e r n  and deso rp t ion  spectrum of GO 
adsorbed on t h e  W(110) p l a n e ,  was s tud ied  f o r  CO on t h e  rrJ(2ll)  p lane .  
LEED p a t t e r n  w a s  s i m D l e r  t han  on t h e  (110) p lane ,  b u t  was a l s o  compatible 
wi th  a IJ(C0) l a y e r .  The deso rp t ion  spectrum s i m i l a r l y  i n d i c a t e d  several CO * 

groups wi th  8 i f f e r i n g  bond s t r e n g t h  t o  t h e  s u b s t r a t e  as it  w a s  found f o r  t h e  
(110) s u r f a c e ,  aga in  i n  agreement wi th  t h e  T.J(CO)6 adsorp t ion  l a y e r  model. 
More experiments  s t i l l  have t o  be done, e s p e c i a l l y  wi th  b e t t e r  s i n g l e  c r y s t a l s ,  
t o  s t r eng then  t h e  arguments f o r  t h i s  model which i s  i n  c o n t r a d i c t i o n  t o  t h e  
p r e s e n t l y  accepted viex.rs of chemisorpt ion of GO. (According t o  t h e s e  views 
t h e  CO groups which d i f f e r  i n  t h e  bond s t r e n g t h  t o  t h e  s u b s t r a t e  are adsorbed 
on d i f f e r e n t  c r y s t a l  p lanes . )  

The 

V. The r e l a t i o n  between s t r u c t u r e  and e l e c t r o n  emission p r o p e r t i e s  of 
work f u n c t i o n  reducing l a y e r s  on W { l l O )  p l anes  (G. Turner) .  

During t h i s  r e p o r t  y e a r ,  e f f o r t  was concent ra ted  i n  two main a reas .  
F i r s t ,  t h e  i n v e s t i g a t i o n  of t h e  lJ{110)-Ba0 system and second, t h e  develop- 
ment of hardware and components necessary  t o  modify t h e  u l t r a h i g h  vacuum 
e l e c t r o n  microscope (UE-IVEM) t o  a bent-beam system, i .e .  s e p a r a t i o n  of t h e  
i n c i d e n t  and imaginary beams. 

A pre l imina ry  s tudy  (see Thi rd  Quar te r ly  S t a t u s  Report ,  1967) of t h e  
contaminat ion ra te  of c l e a n  W{ll0) and t h e  W{llO}-BnO system under u l t r a h i g h  
vacuum c o n d i t i o n s ,  i n d i c a t e d  a need t o  know more about t he  i n f l u e n c e  of t h e  
contaminant on t h e  s u r f a c e  s t r u c t u r e  be fo re  any q u a n t i t a t i v e  conclus ions  
could be reached.  This  a d d i t i o n a l  in format ion  can b e  obta ined  by LEED and 
LEEM and would be  a v a i l a b l e  i n  t h e  UHVEM us ing  t h e  bent-beam mode of opera- 
t i o n .  T h i s  mod i f i ca t ion  17as t h e r e f o r e  i n i t i a t e d  dur ing  t h e  last  q u a r t e r  of 
t h i s  r e p o r t  pe r iod  and t h e  mechanical phase of t h e  change-over completed. 

I n  t h e  second p a r t  of t h e  e f f o r t ,  a source  f o r  a h igh  luminosi ty  elec- 
t r o n  gun was s t u d i e d  us ing  IJ{100)-Zr coated f i e l d  emitter i n  a glass f i e l d  
emission tube  mounted OR a Vac-Ion pumped system. The p r i n c i p l e  r e s u l t s  
were: (1) t h e  enhanced emission of t h e  system is a t h i c k  f i l m  e f f e c t  and can- 
no t  be expla ined  by t h e  d i p o l e  l a y e r  t heo ry ,  (2)  a decrease  i n  emission wi th  
t i m e  is  always observed and is  be l ieved  due t o  i o n  bombardment, and (3) t h e  
t i p  can b e  r e a c t i v a t e d  many tines by s imple  r ehea t ing .  The same f i e l d  enis- 
s i o n  tube  was subsequent ly  mounted on t h e  d i f f u s i o n  pumDed UWVEX system t o  
compare t h e  e f f e c t  of t h e  d i f f e r e n t  pumping systems on emitter a c t i v a t i o n  
and l i f e .  No e s s e n t i a l  d i f f e r e n c e s  were found. It was confirmed t h a t  oxygen 
must be p r e s e n t  dur ing  t h e  depos i t i on  of t h e  Z r  f o r  a n  active e l e c t r o n  source  
t o  be  formed. 
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A quadrupole  magnetic l e n s  was designed and b u i l t .  It w i l l  b e  used 
t o  compensate f o r  t h e  ast igmatism a s s o c i a t e d  w i t h  t h e  d e f l e c t i o n  f i e l d .  
p re l iminary  i n v e s t i g a t i o n  of t h e  imaging p r o p e r t i e s  of t h e  d e f l e c t i o n  and 
c o r r e c t i o n  e l e c t r o n  o p t i c s  has been s t a r t e d .  

A 

V I .  Momentum exchange of atoms on we11 def ined  s i n g l e  c r y s t a l  s u r f a c e s  
(W, F a i t h  and E .  Bauer) 

Work on t h i s  problem dur ing  t h i s  r e p o r t  y e a r  was maiiily concerned wi th  
systems mod i f i ca t ion  t o  o b t a i n  t rou3 le - f r ee  ope ra t ion  and a b e t t e r  s ignaf- to-  
background r a t i o  f o r  t h e  molecular  beam. 
r e b u i l t  t o  i nc lude  a 6" NRC d i f f u s i o n  pump, l i q u i d  n i t r o g e n  b a f f l e ,  and bake- 
a b l e  4" valve. The molecular  beam source  w a s  modified t o  allow modulation 
of t he  beam and lock-in-detect ion of t h e  s c a t t e r e d  beam. 
t e s t i n g  of t h e s e  mod i f i ca t ions  w i l l  be  done e a r l y  i n  t h e  nex t  r e p o r t  yea r .  

The pumping system w a s  completely 

F i n a l  assembly and 

V I I .  Theory of low energy e l e c t r o n  s c a t t e r i n g  (E. Bauer) ,  

The e f f o r t s  were concent ra ted  on numerical  c a l c u l a t i o n s  of LEED in t en -  
s i t i e s  from W{110) and Ni{llO) s u r f a c e s .  
f o r  an  i t e r a t i o n  p rocess  t o  determine s e l f - c o n s i s t e n t l y  t h e  a t t e n u a t i o n  of t h e  
i n c i d e n t  and d i f f r a c t e d  waves by primary e x t i n c t i o n .  E f f o r t s  t o  o b t a i n  s u f f i -  
c i e n t l y  r a p i d  convergence of t h i s  i t e r a t i o n  p rocess  were no t  success fu l .  Th i s  
l e a d  t o  temporary c e s s a t i o n  of t h e  c a l c u l a t i o n s  because of t h e  excess ive  com- 
put ing  t i m e s  r equ i r ed .  Ca lcu la t ions  w i l l  be  resumed when exper ience  wi th  
o t h e r  approximation methods e x i s t s .  

The r e s u l t s  i n d i c a t e d  t h e  n e c e s s i t y  
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2, "Linear Unfolding Methods and Optimizat ion f o r  X-ray and S imi l a r  Spec t ra , "  
by J. 0. Por t eus ,  J. Appl. Phys. - 39, 163 (1968). 

3.  "Evolution of Water from A l k a l i  Hal ide S ing le  Crys t a l s , "  by A .  K. Green 
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